Epifluorescence microscopy can be used to visualize the shapes of solid lipid domains in two-phase regions of monolayers at the air-water interface. The shapes of certain lipid domains result from a competition between a onediniensional line tension and long-range intermolecular electrQstatic repulsion. Under specified conditions, a finite twodimensional domain with one shape can undergo a sharp transition to a second shape, as the area of the domain is changed. Two-dimensional infinite arrays of domains can also have transitions involving changes in the shapes and patterns of domains, such as the stripe to hexagonal phase transition Phys. 86,[3673][3674][3675][3676][3677][3678][3679][3680][3681]. The present paper treats the hexagonal afind stripe phases with the same approximations and methods of calculation as used previously for the isolated, fimite domains. It is shown that one effect of electrostatic repulsion between domains is to cause these domains to increase in size as they approach one another on monolayer compression. It is also shown that there can be two distinct conditions where the hexagonal and stripe phases coexist.
dimensional domain with one shape can undergo a sharp transition to a second shape, as the area of the domain is changed. Two-dimensional infinite arrays of domains can also have transitions involving changes in the shapes and patterns of domains, such as the stripe to hexagonal phase transition [ Phys. 86, [3673] [3674] [3675] [3676] [3677] [3678] [3679] [3680] [3681] . The present paper treats the hexagonal afind stripe phases with the same approximations and methods of calculation as used previously for the isolated, fimite domains. It is shown that one effect of electrostatic repulsion between domains is to cause these domains to increase in size as they approach one another on monolayer compression. It is also shown that there can be two distinct conditions where the hexagonal and stripe phases coexist.
In 1981 it was shown that it is possible to visualize nonuniformities in lipid monolayers at the air-water interface with a simple fluorescence microscope when the monolayers are doped with a low concentration offluorescent lipid probe (1). This technique makes it possible to visualize coexisting phases of lipid, such as solid and liquid or liquid and gas, due to differential partitioning of the probe (1) (2) (3) . An unanticipated result was the subsequent observation that individual domains of solid lipid can sometimes take on remarkably complex shapes and that the domains can form ordered patterns over macroscopic distances (44). These domain shapes and domain patterns can also undergo major changes on monolayer compression or expansion (7, 8) . We have developed a theory of the shapes of isolated, finite lipid domains based on a competition between line tension and long-range electrostatic repulsions (9, 10) . A related theoretical description of ordered phases in monolayers was developed independently by Andelman et al. (11, 12) . This latter theory treats infinite arrays of two-dimensional domains and includes a description of these systems near critical points by using Landau-Lifshitz theory.
Our calculations have shown that, under specified conditions, isolated finite lipid domains can have shape transitions (9, 10 (9, 10) . The relation between the present work and that of Andelman et al. (11, 12) will be discussed elsewhere.
Background Theory and Model Assumptions
We assume a single pure lipid component and that the solid lipid and the fluid lipid are incompressible. Thus the total area of a Langmuir monolayer trough determines the fraction 4 of the area that is solid. The solid is assumed to be isotropic in two dimensions. The free energy of the system is set equal to the sum of the line tension energy Ap and the electrostatic dipole-dipole repulsion energy Fe,, where A is the line tension, p is the perimeter of the domain-domain interfaces, and
The line integral in Eq. 1 is around the perimeter of the domains. The factor of 1/2 is omitted for integrations involving two domains, where one integration is around the perimeter of one domain and the other integration is around the perimeter of the second domain (10) . In the present work the constant in Eq. 1 is set equal to zero. The electrostatic energy Fei includes only the component ofthe electric dipole moment perpendicular to the air-water interface; a is the difference in dipole density in the fluid and solid phases. For a discussion of in-plane electrostatics, see ref. 13 . The free energy F is miminized with respect to possible shapes of the various domains and arrays of domains:
[2]
Our calculations apply to the "low-temperature limit" (12) , where the thermal motion of domains is not significant and where domain boundaries are sharp.
Free Energy of the Stripe Phase
The stripe phase is sketched in Fig. 1 and Fij is the free energy of interaction of circular domains i and j: Fij = 32(irR2)2 q(n)/n3D3.
[9]
The nearest neighbor lattice spacing is D, and nD is the distance between the centers of circular domains i andj. The relative lattice spacing n is defined by the trigonal axis system in Fig. 1 for the indicated 300 sector:
n -(n' + 3n2 + 3nin2)'12, [10] where n1 and n2 are integers and n1 + n2 > 0.
The quantity q(n) is related to the mutual inductance of two circular current loops, q(n) [4] and where wO = 2eS exp(A/p2).
This minimized free energy FP(min) is F0(min) = -(1/err) sin ir4 (pL2/8) exp(-A/pU2). [5] [6] g = (2 -S(n1, 0) -5(n2, 0))n 3q(n) nj, n2 k = (31r/2)(V3/21r)3/2.
[13] [14] In our numerical calculations, we have included 1092 terms in the summation in Eq. 13. When FH is minimized with respect to R, keeping the trough area and 4 constant, we obtain The value for wo in Eq. 5 is the equilibrium width of an isolated stripe obtained previously (10) . See A sketch of the hexagonal phase is given in Fig. 1 Lower. The total free energy FH of the hexagonal array is FH => FE + 2 E Fij, [7] 2 FH(min) = -(8/e3)4) exp(-kg)312)u2/8 exp(-A/,u). [17] Phase Equilibria Let AO and AO be the molar areas of lipid in the solid and fluid Phase transitions between the stripe and hexagonal phases are also predicted from the model, at least for some values of a0. A number of stripe phases show chiral geometry (7, 16) , which require calculations more elaborate than those considered here. An observed transition from a hexagonal phase to a chiral stripe phase (8) may also involve a change of molecular tilt order (8, 13) , further complicating this analysis.
